P
neumonia caused by Streptococcus pneumoniae infection is a major cause of death and an economic burden in both developed and developing nations worldwide. Children less than 2 years old and adults older than 65 years are the most likely to succumb to invasive pneumococcal disease, with mortality rate estimates reaching as high as 36% (1) and 53% (2), respectively. As with many mucosal pathogens, asymptomatic colonization precedes invasive disease; S. pneumoniae is no exception. This has been proven in mouse models (3) and observed in communities that have adopted the 7-valent pneumococcal conjugate vaccine, where a clear trend of reduced nasopharyngeal colonization and invasive disease is evident (4, 5) . Hence, the control of nasopharyngeal colonization has been a major focus of vaccine strategies (6) .
Previous studies have shown that nasopharyngeal colonization by S. pneumoniae (3, 7) or intranasal pneumococcal vaccination (8) , induced antigen-specific antibodies and CD4 ϩ T cells, as well as interleukin-17 (IL-17). These cellular and molecular effectors were important for the protective recruitment of neutrophils upon secondary exposure. However, depending on the site of challenge, some mediators were found to be dispensable; for example, bacterial clearance following secondary nasopharyngeal colonization required CD4 ϩ T cells but not antibodies (8) , whereas secondary lung instillation required antibodies but not CD4 ϩ T cells (3) . In contrast, the clearance of primary colonization has been shown to be independent of both neutrophils (9) and antibodies (10) and instead relies upon macrophage-mediated immunity. Zhang and colleagues in 2009 showed that primary nasopharyngeal clearance requires CD4 ϩ T cells and IL-17 and the recruitment of macrophages and signaling via Toll-like receptor 2 (TLR-2) (9) . We recently demonstrated that bacterial recognition by the phagocytic receptor MARCO (macrophage receptor with collagenous structure) is required for optimal TLR-2 and nucleotide-binding oligomerization domain-containing 2 (NOD-2) signaling. MARCO may function as a coreceptor for CD14/TLR-2 or as a phagocytic receptor that is required for the optimal delivery of S. pneumoniae or pneumococcal antigens to the phagolysosome and, ultimately, cytosolic NOD-2 (11) .
MicroRNAs are a class of small RNA molecules (19 to 24 nucleotides) that promote the degradation or prevent the translation of mRNA transcripts to which they are complementary. Although the study of microRNAs is in its relative infancy, more than 800 of these molecules have been identified, many of which have been demonstrated to be involved in the control of infectious and noninfectious diseases (12) . MicroRNA-155 (mir-155) was first described in 1997 as a noncoding RNA housed within the B-cell integration cluster gene (13) and later as being overexpressed in patients with Burkitt lymphoma (14) and B-cell lymphomas in general (15) . Since then, it has been implicated in a number of biological phenomena, including inflammation and innate and adaptive immunity (12) . Mir-155 expression is increased by a wide variety of stimuli, such as TLR ligands (16) , and has been shown to promote both antimicrobial (17) and antiviral responses of macrophages (18) through the repression of factors antagonistic to the inflammatory response. For example, by repressing the transcripts encoding suppressor of cytokine signaling 1 and Src homology 2 domain-containing inositol 5-phosphatase 1, mir-155 promotes immunity to Staphylococcus aureus (19) and Francisella tularensis (20) , respectively, but negatively impacts Mycobacterium tuberculosis infection (21) . Mir-155 has also been reported to be integral in the development of IL-17A-producing CD4 ϩ T cells (Th17 cells) (22) , mainly in the context of autoimmune inflammation (16, 23) , but also during gastrointestinal infection with Helicobacter pylori (24) .
Here, we demonstrate that mir-155 appears to be critical for the effective control of primary S. pneumoniae nasopharyngeal colonization but not acute invasive infection. Mir-155-deficient (mir155KO) mice have impaired clearance of nasopharyngeal colonization, independently of macrophage recognition by TLR-2 or MARCO or bactericidal capacity. Mir155KO mice are impaired in the ability to induce Th1 and Th17 cells during exposure to S. pneumoniae, which is likely a prominent factor in the observed reduction in macrophage recruitment to the nasopharynx. Furthermore, this decrease in Th1 and Th17 cell induction, as well as the absence of circulating S. pneumoniae-specific IgG antibodies, indicates that antipneumococcal adaptive immunity is broadly impaired in mir155KO mice.
MATERIALS AND METHODS
Mice and pneumococcal colonization model. All of the animal care and use protocols in this study were approved by the McMaster Animal Research Ethics Board (no. 13-05-4) and performed in accordance with the guidelines stipulated by the Canadian Council on Animal Care. C57BL/6 mice were obtained from Charles River Laboratories (Wilmington, MA, USA) and The Jackson Laboratory (Bar Harbor, ME, USA). Mir155KO mice (B6.Cg-Mir155tm1.1Rsky/J) were purchased from The Jackson Laboratory. Wild-type (WT) mice were sex matched to the knockout groups.
Two clinical isolates of S. pneumoniae were employed in this study, P1547 (serotype 6A), a virulent and invasive strain that has been shown to spread rapidly to the lungs of mice following nasopharyngeal colonization (25) , and P1121 (serotype 23F), a strain that does not typically spread to the periphery and can be detected up to 3 weeks following nasopharyngeal colonization (9, 11, 25) . Both strains were grown to mid-log phase in tryptic soy broth. For pneumococcal colonization as described previously (11) , live bacteria were concentrated 10-fold in phosphate-buffered saline (PBS) and stored on ice. Unanesthetized mice were inoculated intranasally with 10 l of a bacterial suspension containing ϳ1 ϫ 10 7 CFU. At the time of sacrifice, the trachea was cannulated and 200 l of PBS was instilled. Lavage fluid was collected from the nares, serially diluted in PBS, and plated on tryptic soy agar plates containing 5% sheep blood and neomycin (10 g/ml). Colonies were counted after overnight incubation at 37°C in 5% CO 2 . For in vitro experiments, S. pneumoniae strain P1121 was killed by heating at 65°C for 10 min.
Human sputum processing. Induced sputum was obtained from four adult asthmatic patients attending the Firestone Institute of Respiratory Health for routine monitoring (St. Joseph's Healthcare, Hamilton, ON, Canada). All subjects provided informed written consent, and all studies met approval from the Hamilton Integrated Research Ethics Board (no. 12-3716). For cell isolation, 5 volumes of 1ϫ Sputolysin (Calbiochem, CA, USA) was added to raw sputum and then rocked on ice and intermittently mixed by pipetting for 15 min. This suspension was diluted 1:1 with PBS and centrifuged at 300 ϫ g for 10 min. Cell pellets were resuspended in XVIVO-10 culture medium (Lonza, Basel, Switzerland) supplemented with 5% pooled human AB serum (Lonza, Basel, CH). The cellular composition of sputum was determined by Shandon cytospin centrifugation, followed by hematoxylin-and-eosin staining.
Splenocyte and macrophage culture and stimulation. Harvested spleens were passed through a 40-m cell strainer (BD Falcon; BD Biosciences, ON, Canada) into warm PBS. Cells were pelleted by centrifugation, resuspended in 1ϫ red blood cell lysis buffer (BioLegend, CA, USA), and incubated at room temperature for 10 min. Splenocytes were pelleted by centrifugation and resuspended in R10 medium (RPMI 1640 supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 100 mg/ml streptomycin, and 10 mM L-glutamine).
Peritoneal macrophages were obtained by Bio-Gel (Bio-Rad, ON, Canada) elicitation. Briefly, 1 ml of 2% (wt/vol) Bio-Gel P100 microbeads were injected intraperitoneally; this was followed by peritoneal lavage after 4 to 5 days. Exudate was pelleted by centrifugation, resuspended in warm R10 medium, and incubated at 37°C in 5% CO 2 . The next day, nonadherent cells and Bio-Gel beads were aspirated and macrophages were washed with warm PBS. Macrophages were detached by incubation in 4 mg/ml lidocaine-HCl and 10 mM EDTA for 15 to 20 min at 4°C, followed by gentle lifting. Other than macrophage killing and phagocytosis experiments, all experiments were performed in R10 medium.
For cytokine enzyme-linked immunosorbent assays (ELISAs), capture and detection antibodies for the quantification of tumor necrosis factor (TNF) and IL-6 were purchased from eBioscience. IL-17A and gamma interferon (IFN-␥) were measured with the ELISA Max Deluxe kit (BioLegend, CA, USA) according to the manufacturer's instructions.
RNA extraction and quantitative reverse transcription (RT)-PCR. Lysates from the murine nasopharynx were obtained by nasal lavage with RLT lysis buffer (Qiagen, CA, USA), followed by RNA extraction with the RNAqueous-Micro kit (Life Technologies, CA, USA). All other RNA extractions were performed with the Illustra RNAspin minikit (GE Healthcare, ON, Canada). cDNA synthesis was performed with Moloney murine leukemia virus (MMLV) reverse transcriptase (New England BioLabs, MA, USA) and 15-nucleotide-long random oligonucleotide (pentadecamer) primers (synthesized at core facilities), and gene expression was measured with the GoTaq qPCR master mix (Promega, Madison, WI, USA) and either an ABI 7900 HT sequence detection system or a StepOne Plus real-time PCR system (Life Technologies, CA, USA). The primers used are described in Table 1 . Relative expression values were calculated by the ⌬⌬C T (relative to glyceraldehyde 3-phosphate dehydrogenase) or standard-curve method, and primer efficiencies were assessed by using a standard curve of pooled, arbitrary cDNA.
For microRNA expression analysis, TaqMan MicroRNA Assays (Life Technologies, CA, USA) were used to measure the expression of murine mir-155 (no. 2571) and SNO-202 (no. 1232) and human mir-155 (no. 2623) and RNU44 (no. 1094). cDNA was synthesized with MMLV reverse transcriptase, and quantitative RT-PCR was performed with the TaqMan Gene Expression master mix (Life Technologies, CA, USA) and the instruments described above. Relative expression values were calculated by the ⌬⌬C T method.
Flow cytometry and intracellular cytokine staining. For wholeblood immunophenotyping, 100 l of heparinized blood was incubated with antibodies for 30 min at room temperature and then incubated in 1ϫ Fix/Lyse buffer (eBioscience, CA, USA) for 10 min. Leukocytes were resuspended in fluorescence-activated cell sorting (FACS) wash buffer (PBS, 0.5% bovine serum albumin, 2 mM EDTA) prior to analysis. For nasal lavage fluids and peritoneal macrophages, suspensions were centrifuged, resuspended in blocking buffer (4 g/ml anti-CD16/32; eBioscience, CA, USA), and incubated at room temperature for 15 min. Cells were subsequently incubated with antibody cocktails for 30 min at room temperature. Cells were fixed with 2% paraformaldehyde, centrifuged, and resuspended in FACS wash buffer. The conjugated antibodies used included Ly6C-fluorescein isothiocyanate (FITC) or -peridinin-chlorophyll-protein complex Cy5.5, Ly6G-Alexa Fluor 700 (BD Biosciences, ON, Canada), F480-allophycocyanin (APC), CD45-eFluor 450, TLR2-phycoerythrin (PE) Cy7, CD11b-PE Cy7, Ter119-PE, NK1.1-PE, B220-PE (eBioscience, CA, USA), and MARCO-PE (AbD Serotec, NC, USA). The lineage cells used for whole-blood immunophenotyping in-cluded those expressing Ter119, NK1.1, and B220. Absolute cell counts were quantified with CountBright Absolute Counting Beads (Life Technologies, CA, USA).
Intracellular cytokine staining of homogeneous splenocyte suspensions from uninfected or colonized mice was performed at the time points indicated in Results. Briefly, 10 6 cells (4 ϫ 10 6 /ml) in R10 medium were treated with either 1ϫ Protein Transport Inhibitor (eBioscience, CA, USA) or 1ϫ Cell Stimulation Cocktail (eBioscience, CA, USA) for 4 h at 37°C in 5% CO 2 . Surface staining was performed for 30 min at room temperature with Alexa Fluor 700-conjugated CD3 (BD Biosciences, ON, Canada) and PE-conjugated CD4 (eBioscience, CA, USA) antibodies, and fixing was performed with 1ϫ Fix/Lyse buffer (eBioscience, CA, USA) for 10 min. Cells were permeabilized for 30 min with 1ϫ Permeabilization Buffer (eBioscience, CA, USA) at room temperature and stained with FITC-conjugated IFN-␥ and APC-conjugated IL-17A antibodies (eBioscience, CA, USA) for 30 min at room temperature. Cells were fixed with 2% paraformaldehyde, centrifuged, and resuspended in FACS wash buffer prior to analysis. Th17 cells were defined as expressing CD3, CD4, and IL-17A but not IFN-␥, and Th1 cells were defined as expressing CD3, CD4, and IFN-␥ but not IL-17A.
All flow cytometry was performed with a Becton Dickinson LSR II or Canto flow cytometer, and all analyses were performed with TreeStar FlowJo 7.6.3.
IgG binding assay. Heat-killed S. pneumoniae bacteria (10 6 ) were incubated with heparinized plasma from uninfected and colonized mice for 1 h at room temperature in V-bottom 96-well plates. Optimization experiments indicated that a plasma dilution of 1/75 was within the linear range of binding (data not shown). Cells were washed two times with PBS and incubated with Alexa Fluor 633-conjugated goat anti-mouse IgG (Life Technologies, CA, USA) in FACS wash buffer for 30 min at room temperature. Cells were washed two times with FACS wash buffer and fixed with 2% paraformaldehyde for 10 min before samples were run on a Becton Dickinson LSR II flow cytometer.
Macrophage killing and phagocytosis assays. Elicited peritoneal macrophages were resuspended in PBS at a concentration of 10 6 /ml and infected at a multiplicity of infection (MOI) of 25 mid-log-phase S. pneumoniae bacteria. Cells were placed on an orbital shaker at 37°C for 30 min and washed three times in PBS. For time zero, a 20-l aliquot of a cell suspension was incubated 1:1 with 0.3% saponin in water for 5 min at room temperature and serial dilutions were plated on tryptic soy agar plates containing 5% sheep blood and 10 g/ml neomycin. Cells were incubated at 37°C while shaking, and aliquots were removed at the time points indicated in Results.
Elicited peritoneal macrophages were resuspended in R10 medium at a concentration of 5 ϫ 10 5 /ml in 96-well plates. Cells were incubated at 37°C with pHRodo Red (Life Technologies, CA, USA)-labeled S. pneumoniae at an MOI of 100 bacteria. For bacterial labeling, mid-log-phase S. pneumoniae were pelleted, washed, and resuspended in 0.1 mM pHRodo Red dye. After a 30-min incubation at room temperature with end-overend rotation, cells were pelleted, fixed in methanol, and washed five times in PBS. At the time points indicated in Results, fluorescence was measured with excitation at 485 nm and emission at 590 nm by a BioTek Synergy plate reader (BioTek, VT, USA). The numbers of relative fluorescence units presented represent fluorescence from bacterial uptake minus autofluorescence from cells alone.
T-cell polarization assays. To induce Th17 cell differentiation, splenocytes from uninfected mice at a concentration of 2 ϫ 10 6 /ml were incubated for 4 days at 37°C in the presence of 1 g/ml plate-bound anti-mouse CD3 antibody, 10 ϫ 10 6 heat-killed S. pneumoniae bacteria, 10 ng/ml IL-2, 5 ng/ml transforming growth factor beta, 10 ng/ml IL-23, 10 ng/ml IL-6, 10 g/ml anti-mouse IFN-␥, and 10 g/ml anti-mouse IL-4. For Th1 polarization assays, splenocytes were incubated only in the presence of anti-CD3 antibodies, S. pneumoniae, and IL-2. All reagents were purchased from eBioscience (CA, USA), and intracellular cytokine staining was performed as described above. 
RESULTS
Loss of mir-155 impairs the clearance of pneumococcal colonization. To assess the importance of mir-155 in the clearance of pneumococcal colonization, strain P1121 (serotype 23F) was used. This strain does not typically spread to the lungs or the periphery and can be detected in the nasopharynx up to 3 weeks following nasopharyngeal colonization (9, 11, 25) . To model primary nasopharyngeal colonization, WT and mir155KO mice were inoculated intranasally with 10 7 CFU of S. pneumoniae and sacrificed at days 7, 14, and 21. Whereas WT mice clear nasopharyngeal bacteria in a linear fashion beginning at day 7, mir155KO mice did not begin to clear them until after day 14 (Fig. 1) . Additionally, bacterial burdens in the nasopharynxes of mir155KO mice were significantly higher at days 14 (P Ͻ 0.001) and 21 (P Ͻ 0.001) and, as expected, bacterial invasion of the lungs was not detected in either group (data not shown).
During clearance of colonization with S. pneumoniae P1121, WT mice exhibit an increase of mir-155 in the nasopharynx as early as day 14 postinoculation, which continues to increase to day 21 ( Fig. 2A) . Given that nasopharyngeal lavages represent a heterogeneous mixture of local and recruited cell types, we sought to ascertain that mir-155 transcription in the nasopharynx does indeed originate from leukocytes. To test this, we purified leukocytes from human induced sputum, the majority of which were neutrophils and alveolar macrophages (approximately 60 and 30%, respectively) (Fig. 2B) , and stimulated them with heat-killed S. pneumoniae for 16 h. Indeed, S. pneumoniae induced mir-155 nearly 2-fold (P ϭ 0.046, Fig. 2C ), along with the cytokines IL-1␤, TNF, IL-8, IL-12, and IL-6, all of which are important in the innate inflammatory response to infection (Fig. 2C) .
Monocyte/macrophage MARCO and TLR-2 are unaffected by the loss of mir-155. We have previously shown that MARCO is required for the optimal clearance of S. pneumoniae colonization and is required for TLR-2 signaling (11). Loss of either of these innate receptors substantially diminishes the ability to clear nasopharyngeal colonization (9, 11); hence, we sought to characterize their expression in mir155KO mice. In uninfected WT and mir155KO mice and over the course of colonization generally, only subtle differences in the surface expression of MARCO or TLR-2 on nasopharyngeal macrophages (CD11b ϩ F4/80 ϩ ) or blood monocyte subsets (CD45 ϩ CD11b ϩ Lineage Ϫ and Ly6C hi or Ly6C lo ) were identified (Fig. 3A , B, D, and E). MARCO was found to be expressed more highly on Ly6C hi blood monocytes but only on day 7 postcolonization (Fig. 3B) . Although there were no significant differences in the expression of TLR-2 (Fig. 3F) , MARCO expression was found to be 25% greater on elicited peritoneal macrophages from mir155KO mice (P ϭ 0.08, Fig. 3C ).
To further characterize mir155KO macrophages, elicited peritoneal macrophages were stimulated with the synthetic TLR-2 ligand Pam3CSK4 and infected with heat-killed S. pneumoniae. Although mir-155 was strongly induced by both Pam3CSK4 and S. pneumoniae (Fig. 4A) , there were no significant differences in the secretion of TNF or IL-6 at 24 h poststimulation ( Fig. 4B and C) . Similarly, when incubated with live S. pneumoniae under nonopsonic (serum-free) conditions, WT and mir155KO macrophages were equally capable of killing bacteria (Fig. 4D) . However, mir155KO macrophages exhibited a subtle yet significant increase in phagocytosis (P ϭ 0.029, Fig. 4E ), which may be related to the aforementioned elevated expression of MARCO (Fig. 3C) .
Macrophage recruitment to the nasopharynx is abolished in mir155KO mice. Myeloid cell recruitment to the nasopharynx is a critical event in the clearance of both primary and secondary S. pneumoniae colonizations (9) . Here, we demonstrate that neutrophil (CD11b ϩ Ly6G ϩ ) (Fig. 5A ) and monocyte (CD11b ϩ Ly6C ϩ ) (Fig. 5B ) recruitment to the nasopharynx peaks at day 7 postinoculation, with no differences observed between WT and mir155KO mice. However, macrophage (CD11b ϩ F4/80 ϩ ) recruitment, which peaked at day 14 postinoculation in WT mice, was completely abrogated in mir155KO mice (P ϭ 0.018, Fig. 5C ). This recruitment defect parallels a reduction in nasopharyngeal levels of the mRNA transcript encoding IL-1␤ (Fig. 5D) , which is produced at high levels by macrophages during pneumococcal infection (26) , as well as the initiation of bacterial clearance in WT mice (Fig. 1C) . Also measured over the course of colonization were the mRNA transcripts encoding TNF, IL-10, MCP-1, MIP-1␣, and MIP-2; however, no significant differences between WT and mir155KO mice were observed (data not shown).
Loss of mir-155 abrogates Th1-and Th17-mediated immunity. Previous studies also emphasized the importance of Th17 cells in the clearance of pneumococcal colonization and as a prerequisite for the recruitment of macrophages to the nasopharynx (6, 9) . Others have indicated that IFN-␥-producing Th1 cells are also important in the protection against pneumococcal infection (27, 28) . To monitor the induction of Th1 (CD3 ϩ CD4 ϩ IFN-␥ ϩ ) and Th17 (CD3 ϩ CD4 ϩ IL-17A ϩ ) cells over the course of colonization with S. pneumoniae P1121, splenocytes from WT and mir155KO mice were examined by intracellular cytokine staining, while S. pneumoniae-specific splenic Th1 and Th17 cell responses were assessed by IFN-␥ and IL-17A ELISAs, respectively. It ap- pears that mir155KO mice have inherently lower levels of Th1 (Fig. 6A) and Th17 (Fig. 6C ) cells and a reduced capacity to induce Th1 cells over the course of colonization (Fig. 6A) . Recall responses to S. pneumoniae indicate that antigen-specific Th1 immunity is maintained in mir155KO mice (Fig. 6B) , while antigenspecific Th17 responses are reduced (Fig. 6D) . In the nasopharynx, the levels of mRNA transcripts encoding IL-17A and IFN-␥ were reduced in mir155KO mice at day 21 postcolonization; however, this reached significance only for IL-17A (P ϭ 0.043, Fig. 6E ). Finally, a significant reduction in the levels of S. pneumoniae-specific serum IgG antibodies was also observed in mir155KO mice (P ϭ 0.015, Fig. 6F ), further suggesting that these mice would be impaired in subsequent exposures to S. pneumoniae.
The above-described experiments indicate that mir155KO mice have a reduced capacity to generate Th1 and Th17 cells at the baseline, as well as in response to S. pneumoniae colonization. To ascertain whether this is an intrinsic defect of CD4 ϩ T cells, we cultured splenocytes from uninfected WT and mir155KO mice in the presence of S. pneumoniae, as well as under Th1 or Th17 cellpolarizing conditions. In concordance with our in vivo findings, there was significantly greater induction of Th17 cells from cultured WT splenocytes than from mir155KO splenocytes (P ϭ 0.016, Fig. 7A and B) ; however, similar percentages of Th1 cells were induced in both groups (Fig. 7C and D) .
The protection against pneumococcal invasion is not influenced by mir-155. To assess the importance of mir-155 in protecting against acute invasive infection, pneumococcal strain P1547 (serotype 6A), a virulent and invasive clinical isolate that has been shown to spread rapidly systemically following experimental nasopharyngeal colonization (25) , was employed. Following inoculation with strain P1547, 30% of WT and 44% of mir155KO mice had detectable bacteria in their lungs on day 3 (chi-square P ϭ 0.86) and 33% of WT and 50% of mir155KO mice had detectable bacteria in their lungs on day 5 (chi-square P ϭ 0.84). The percentages of mice with bacteria in their lungs were not significantly different, nor were the overall bacterial loads in their lungs or nasopharynxes (data not shown). Similarly, the percentages of mice surviving to 5 days postinoculation were not significantly different (data not shown).
DISCUSSION
Our finding of mir-155 expression by leukocytes of the human upper respiratory tract led us to hypothesize that it regulates the response to S. pneumoniae and that changes in the kinetics or magnitude of expression may alter the ability to control pneumococcal colonization. Interestingly, while we observed no differences between WT and mir155KO mice regarding bacterial invasion of the lungs or survival following inoculation with a virulent and invasive strain of S. pneumoniae, mir155KO mice were significantly impaired in the ability to clear a less virulent colonizing strain. Specifically, whereas WT mice began to clear nasopharyngeal colonization at day 14 postinoculation, clearance by mir155KO mice was not apparent until day 21 and their bacterial loads were Ͼ2-fold greater than those of WT mice. The delayed induction of bacterial clearance by knockout mice correlated with significantly lower levels of mRNA for the inflammatory cytokine IL-1␤ in the nasopharynx. This is not surprising, as IL-1␤ has been previously shown to be essential in the control of nasopharyngeal pneumococcal colonization and subsequent invasive disease (26) . The importance of IL-1␤ during primary colonization and secondary pneumococcal responses is likely due to its known role in the polarization of Th17 cells and sustained production of IL-17, as well as the indirect and direct recruitment of neutrophils to sites of infection (29) . Reduced IL-1␤ expression in mir155KO mice at day 14 postinoculation is likely due to the decrease in macrophage recruitment, as these cells are a major source of IL-1␤ during S. pneumoniae responses (30) .
Previous studies by our lab and others (9, 11, 31) have indicated the critical importance of the innate receptors MARCO and TLR-2, as well as IL-17A-producing Th17 cells and macrophage recruitment to the nasopharynx for the clearance of primary nasopharyngeal colonization. In particular, we have shown that MARCO is required for sufficient TLR-2-mediated pneumococcal immunity, as well as being the primary phagocytic receptor for S. pneumoniae (11) . Although MARCO is not a known target of mir-155, results from a recent study of macrophage responses to infection following bone marrow transplantation suggest that mir-155 may be at least indirectly related to MARCO-mediated phagocytosis of Pseudomonas aeruginosa (32) . Additionally, mir-155 has been previously shown to be induced by TLR-2 signaling (16), as well as to modulate TLR-2-mediated responses (20, 33) . Despite these findings, we found no evidence of impaired TLR-2 expression or signaling in mir155KO mice. Similarly, there were no differences in the expression of MARCO in the murine nasopharynx, although a subtle increase was observed on Ly6C hi blood monocytes at 7 days postcolonization and on elicited peritoneal macrophages from mir155KO mice.
A major finding of the present study was that mir-155 is integral for the recruitment of macrophages to the nasopharynx, a process that has been shown to be dependent on IL-17 (6, 9) . During nasopharyngeal colonization, mir155KO mice exhibited lower nasopharyngeal IL-17A mRNA levels and reduced splenic Th17 numbers and IL-17A secretion upon restimulation with S. pneumoniae. A reduction of Th17 cells and IL-17A production in the nasopharynx would abrogate macrophage recruitment since IL-17A is a potent chemotactic factor for both monocytes (34) and macrophages (35, 36) . Another important chemotactic factor for these cells, MCP-1 (CCL2), was also investigated in the nasopharynxes of WT and mir155KO mice; however, no differences were observed. As shown by our observations from Th17 polarization experiments, as well as previous studies (22) , mir-155 is integral to the development of Th17 cells. The mechanism of this phenomenon is at least partly related to the repression of transcription factor Ets-1 (37), which is known to contribute to a myriad of cellular processes, including energy metabolism and innate in- flammatory response-related signaling (38) . We also observed reduced levels of IFN-␥-producing CD4 ϩ lymphocytes prior to and following S. pneumoniae colonization in mir155KO mice but no defect in the antigen-specific production of IFN-␥ or the capacity to generate IFN-␥-expressing cells in vitro. Similar defects in the Th1 cell compartment of mir155KO mice have been previously reported (39); however, they are likely to be inconsequential during nasopharyngeal colonization, given that clearance is not effected in the absence of the IFN-␥ receptor (25) .
While it has been shown that IL-17A is required for the elevation of macrophage numbers in the nasopharynx during colonization (9), there is little evidence indicating that these macrophages originate from recruited precursor monocytes or via a self-renewing proliferative mechanism, which has been shown to occur for resident alveolar macrophages (40) . Davis and colleagues in 2011 showed that the loss of CCR2, an essential chemotactic receptor for monocytes, abolishes the increase in cells expressing the macrophage marker F4/80 during pneumococcal colonization and that the expression of its ligand MCP-1/CCL2 correlates with bacterial clearance (41) . In our studies, we observed an influx of monocytes 7 days prior to the elevation of F4/80-expressing macrophage numbers. Also, a small secondary population of macrophages expressing elevated levels of Ly6C (a prominent monocyte marker) and lower levels of F4/80 could be observed in the nasopharynx during colonization, although its frequency changed little over time (data not shown). These cells might represent monocytes that have not completely differentiated into mature nasopharyngeal macrophages, but this has yet to be determined.
Most individuals have been temporarily colonized by S. pneumoniae at least once in their lifetimes (42) . Thus, antibody-and neutrophil-mediated defenses, in addition to Th17 memory cell subsets, are likely to be prominent effectors for the prevention of invasive disease following colonization (3, 7). Our observations suggest that mir-155 would be instrumental in conferring protective immunity to subsequent exposures, given that following primary colonization, mir155KO mice have fewer Th17 cells, as well as S. pneumoniae-specific circulating IgG levels. Presumably, this decrease in circulating IgG would be critical for the opsonic phagocytosis and subsequent killing of S. pneumoniae in the lung by resident macrophages and recruited neutrophils (3) . Clearly, further studies of the importance of mir-155 following pneumococcal vaccination are warranted.
In summary, our study has provided compelling evidence that mir-155 is a necessary component of the mucosal immune response to S. pneumoniae. It is the first to describe a molecular mediator that is intimately involved in the recruitment of macrophages and the induction of protective Th17 immunity, which is fundamental for the clearance of primary nasopharyngeal colonization. Further exploration of the roles of mir-155 in protection against invasive pneumococcal disease and the promotion of effective vaccine responses would be most interesting. 
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